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REMOTELY INTERROGABLE TEMPERATURE OR 
TEMPERATURE/PRESSURE SENSOR 

Sensors based on surface acoustic waves have been known 
since the 1970s. The principle is that of measuring the variation in 
frequency or in delay of a SAW (surface acoustic wave) device. The 
stresses applied to the substrate result in a deformation of the latter 

5 and a variation in the velocity of the surface waves. If a device is 
produced on the surface of the substrate, these mechanical effects 
will result in a variation in the central frequency of the device and a 
variation in its delay. Temperature variations give similar effects 
(expansion and change in velocity). One standard principle is to 

10 produce a resonator on the surface of the substrate since, owing to 
the very small bandwidth of this type of device, the frequency 
variations can be accurately measured. A surface acoustic wave 
resonator consists of an interdigitated-comb transducer T placed 
between two reflector arrays RA, and RA 2 , as illustrated in figure 1. 

15 The reflector arrays behave as mirrors and there therefore exist 
resonant frequencies for which the round-trip path in the cavity is 
equal to an integral number of wavelengths. The resonant modes for 
these frequencies are excited by the transducer placed between the 
mirrors. 

20 The resonant frequencies correspond to rapid variations in 

the admittance of the component. 

The possibility of remotely interrogating surface-wave-based 
sensors is also known. The principle is that of connecting the input of 
the transducer to a radiofrequency antenna. When the antenna 

25 receives an electromagnetic signal, this gives rise to waves over the 
surface of the substrate which are themselves converted into 
electromagnetic energy on the antenna. Thus, the device, consisting 
of a resonator connected to an antenna, has a response at the 
resonant frequency of the resonator and it is possible to. measure this 

30 frequency remotely. It is thus possible to produce remotely 
interrogable sensors. This possibility is an important advantage of 
surface acoustic waves and is used in the context of tire pressure 
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sensors since it is advantageous to be able to place the sensor in the 
tire, while the interrogating electronics are placed in the vehicle. 

More precisely, sensor structures comprising a set of three 
resonators, as illustrated in figure 2, have already been proposed. 

5 These three resonators operate at different frequencies. The 

measurement principle is based on a measurement of the difference in 
frequency between two resonators. A first resonator is used to 
obtain a reference frequency. The pressure measurement is obtained 
by subjecting only a second resonator R 2 to pressure. 

10 Since the resonators R, and R 2 are at the same temperature, 

the frequency difference obtained between these two resonators is 
only proportional to the applied pressure. 

Typically, if the set of resonators is produced on the surface 
of a quartz substrate of Y + 0 cut (in the X, Y, Z crystallographic 

15 reference frame, as shown in figure 2), the propagation direction used 
is the X direction in the case of the resonators R, and R 2 . 

A third resonator R 3 is used under no compressive stress, 
but is positioned at an angle p to the X axis in order to measure the 
temperature, the axis of propagation of the surface acoustic waves is 

20 in this case the X 1 axis, making an angle p to the X axis. 

All the resonators obey a quadratic frequency/temperature 
dependence law with a second-order coefficient (FTC 2 ) which may be 
considered to be the same since this second-order coefficient depends 
essentially on the material used. When quartz of ST cut, that is to say 

25 having a cut between Y + 30° and Y + 42.75°, is used, this coefficient 
FTC 2 for propagation along the X axis is about 3.3 x 10' 8 /°C. In other 
words, if f 0 is the nominal central frequency of the device, its 
frequency f will follow, as a function of the temperature T, a law of 

the type: = FTC 2 (T -T 0 ) 2 . 

Jo 

30 The temperature T 0 corresponds to the apex of the parabola 

and is called the turnover temperature. It has also been shown that 
the 2nd order coefficient FTC 2 varies little when the propagation 
direction departs from the X axis. 
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In contrast, the turnover temperature of the 
frequency/temperature curve depends on the angle of propagation. 

The frequency difference between the reference resonator 
(frequency f^ and the inclined resonator (frequency f 2 ) is therefore 
5 proportional to the temperature. This difference follows the laws: 

/i-/oi =FTC 2 (T-T m ) 2 
fi-fm =FTC 2 (T-T 02 ) 2 

f 2 -fi= fo2 ~ for + FTC 2 (/ 02 T 02 2 - U T 0l 2 ) - 2 FTC 2 (f 02 T 02 - f 0l T 0l )T 

f 2 -A = -fiY? = o)- iftc 2 t 02 /o2 ^ /oi r 

The frequency difference is therefore proportional to the 
temperature multiplied by a coefficient equal to the difference in 

10 turnover temperature multiplied by twice the second-order coefficient. 
The sensitivity of the sensor to temperature is therefore proportional 
to the difference in turnover temperature. This sensitivity may also be 
estimated by the difference in linear temperature drift coefficients 
FTC, between propagation at the zero angle and propagation at a 

15 given angle. This difference in FTC, gives directly the relative 
frequency variation with temperature. Figure 3 shows the behavior of 
this difference in FTC, in ppm/°C for the ST cut for various operating 
points (thickness/degree of metallization). In these curves, a denotes 
the width of the electrodes, h denotes the metallization thickness of 

20 the electrodes, and p denotes the period of the electrodes. All these 
very similar curves show that the FTC, difference curve depends very 
little on the operating point since a maximum difference of 2 ppm/°C 
is observed for 22 ppm/°C for a propagation angle of 30° to X. To a 
first approximation, it may therefore be considered that this FTC, 

25 difference does not depend thereon. Moreover, figure 4 shows the 
variations in this FTC, difference, namely AFTC,, for various angles of 
cut 9 and various angles of propagation. 

It may be shown that this FTC, difference is approximated 
very precisely by the equation: 
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AFTC { (ppm I °C) = (0.447 1 x 1 0 " 3 6 - 6. 1 53 x 1 0" 3 )/? 2 
+ (0.1848xl0" 6 ^ + 1.88xl0" 6 )/? 4 . 

In this equation, 9 is the angle of cut in degrees and P is the 
angle of propagation in degrees. This equation therefore allows the 
sensitivity of the sensor to be determined. 

5 The presence of an inclined sensor thus allows the 

temperature to be determined. However, a problem arises as to the 
divergence in power flow of the acoustic waves along the propagation 
direction because of the angle of inclination of the resonator to the X 
direction. Figure 5 plots this divergence, which shows the angle PFA 

10 that the power flow of the surface acoustic waves makes with the 
propagation direction X 1 . If buses parallel to the propagation angle X' 
are used, the power flow will emerge from the transducer and the Q- 
factor of the resonator will be substantially degraded. Figure 5 shows 
that this power flow angle or PFA can reach values as high as 5° for 

15 an angle of propagation of 20° for angles of cut 9. 

To solve this problem, the present invention proposes a 
remotely interrogate surface acoustic wave sensor allowing 
temperature measurement, which comprises at least two resonators 
connected in parallel to an antenna and operating at different 

20 frequencies, the measurement principle being based on a 
measurement of the frequency difference between the first and 
second resonators, the second resonator being inclined to the first and 
possessing electrode buses inclined at an angle y to the normal to the 
electrodes of said third resonator, so as to compensate for the 

25 difference between the direction of the power flow and the direction 
of the phase vector (i.e. the power flow angle). 

More precisely, the subject of the present invention is a 
surface acoustic wave sensor comprising, on the surface of a quartz 
substrate of Y + 9 cut: 

30 - at least two resonators comprising transducers consisting 

of interdigitated electrodes connected to control buses of design such 
that they have different characteristic operating frequencies; and 

- a first resonator having a first surface acoustic wave 
propagation direction, parallel to one of the axes of the crystalline 
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substrate, and a second resonator having a surface acoustic wave 
propagation direction making a nonzero angle with the propagation 
direction of the first and second resonators, 

- characterized in that the control buses of the second 
5 transducer are inclined to the normal to the interdigitated electrodes of 
said second transducer so as to compensate for the power flow 
divergence of the acoustic waves relative to the direction of 
propagation of the surface acoustic waves along said second 
transducer. 

10 In addition, the Applicant has shown that, for a given angle 

of propagation p, the power flow angle PFA as a function of the angle 
of cut 0 and the angle of propagation p is expressed as: 

PFA{0,O) * A\(0)J3 + A2(0){3 3 + A3(0)/3 5 

A\(0) = 0.6259 - 0.0140 + 1 .9152 x 10" 4 0 2 

A2(0) = -5. 1 796 x 10" 4 + 1 .2673 x 10" 5 9 - 1 .397 x 10" 7 0 2 

A3(0) = 4.3 x 10~ 8 - 4.861 1 x 1O _9 0 + 4.5141 x 10" n 0 2 . 

15 

This expression is valid for an angle of propagation p of 
between -30° and 30° and for an angle of cut between 30° and 
45°. It makes it possible to determine the angle y, i.e. the PFA, that 
the buses must make with the perpendicular to the electrodes. 

20 Since the sensor according to the invention is designed to 

operate within a given frequency band, the characteristic frequencies 
of each of the resonators are such that they belong to said band and 
have a maximum frequency difference in order to maximize the 
sensitivity of the sensor. 

25 Advantageously, the sensor according to the invention may 

operate within the ISM (Industrial Scientific and Medical) band around 
434 MHz, more precisely in the band lying between 433.05 MHz and 
434.79 MHz. Other ISM bands that could be used for the sensors are 
in the 868 MHz and 2.4 GHz ranges. The band limits and power limits 

30 depend on the local regulations. In a preferred embodiment of the 
invention, the substrate is a Y' cut quartz crystal making an angle 9 
with the crystallographic Y axis, it being possible for this angle to be 
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between 30° and 45°, and the first resonator has a surface wave 
propagation direction parallel to the X axis of the crystal. The surface 
acoustic wave propagation direction within the second resonator may 
typically make an angle p of less than 30° to the X direction, this 
5 angle possibly being between 14° and 22°. 

In this configuration, the angle y of the control buses for the 
second resonator relative to the wave propagation direction may 
typically be between 5° and 6°. 

In the case of a sensor on a quartz substrate, transverse 
10 propagation modes disturb the propagation of the longitudinal 
propagation modes. To eliminate these transverse modes, the 
transducers may advantageously be weighted, that is to say that, 
within the transducers, the overlap between interdigitated electrodes 
can vary. An effective weighting function may typically be an 
15 arccosine function having a maximum overlap at the center and zeros 
at the ends. More precisely if z is the overlap between electrodes 
within a transducer: 

z(x) = arccos(x), where x =0 at the center of the 
transducer. 

20 Preferably, each resonator comprises a transducer inserted 

between two arrays of electrodes and, for each of the arrays, it is 
advantageously possible to choose an electrode period such that the 
reflection coefficient is centered on the central operating frequency of 
the resonator. In other words, this means that the propagation phase 

25 over one period is equal to 180° at the central frequency (often 
referred to as the Bragg frequency or synchronism frequency). This 
allows the Q-factor of the resonator to be optimized, while minimizing 
the length of the arrays. 

The subject of the invention is also a remotely interrogate 

30 surface acoustic wave temperature/pressure sensor which further 
includes a third resonator having a surface acoustic wave propagation 
direction parallel to that of the first transducer and means for applying 
pressure to said third transducer. 

According to one variant of the invention, the sensor is 

35 characterized in that: 
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the periods of the first, second and third reflector arrays are 
equal to 3.62 urn, 3.69 urn and 3.62 ^m, respectively, and the 
periods of the first, second and third transducers are equal to 3.60, 
3.67 and 3.60 jim, respectively; 
5 the distances between reflector arrays and transducers are 

equal to 3.28 ^im and 3.28 urn in the first resonator, 3.82 (im and 
2.85 Jim in the second resonator, and 3.27 |im and 3.27 ^im in the 
third resonator, respectively; 

the aperture of the transducers within the three resonators 

10 is equal to 350 /ym; 

the number of electrodes within the reflector arrays is equal 

to 270, 360 and 270, respectively; and 

the number of electrodes within the transducers is equal to 
136, 164 and 136, respectively. 

15 

The subject of the invention is also a pressure/temperature 
measurement device comprising a sensor according to the invention 
and a remote interrogation system. 

20 The invention will be more clearly understood and other 

advantages will become apparent thanks to the following description 
and to the appended figures in which: 

- figure 1 shows schematically the structure of a surface 
acoustic wave resonator of small bandwidth according to the known 

25 art; 

- figure 2 illustrates a remotely interrogable 
pressure/temperature sensor according to the prior art; 

- figure 3 illustrates the variations in difference AFTC, for 
various operating points (thickness/degree of metallization) and for 

30 various angles of cut; 

- figure 4 illustrates the variations in the differences AFTC^ 
for various angles of cut and various angles of propagation; 

- figure 5 illustrates the flow angle divergence within an 
inclined resonator in a sensor according to the invention as a function 

35 of the angle of propagation for various angles of cut; 
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- figure 6 illustrates the inclined resonator of the sensor 
according to the invention and its control buses oriented in order to 
optimize the acoustic power; 

- figures 7 and 8 illustrate arccosine weighting functions 
5 that can be used in a sensor according to the invention; and 

- figure 9 illustrates the variation in directivity as a function 
of the angle of propagation within the inclined resonator, in one 
example of a sensor according to the invention. 

10 In general, the sensor according to the invention may 

comprise three resonators, such as the resonator shown in figure 1, 
called respectively T 1SAW in the case of the reference resonator, in 
the case of the resonator subjected to pressure variations and T 2SAW in 
the case of the resonator intended for temperature measurements, in a 

15 configuration identical to that illustrated in figure 2 with R!->T 1fSAW , 

It should be noted that the resonator P^w is not essential - a 
remotely interrogate temperature sensor may simply be produced. 

These three resonators are connected together in parallel, as 
20 illustrated in figure 2, and also connected to an antenna. 

The resonators T 1/SAW and P SAW are placed on the substrate 
along the X axis and the resonator T 2fSAW is placed along the X' 
direction, which makes an angle p with the X direction. The control 
buses B 21 and B 22 for the interdigitated electrodes of the resonator 
25 T 2S Aw are inclined at an angle y to the angle p so as to use all of the 
power flow within said third resonator, as illustrated in figure 6. 

EXEMPLARY EMBODIMENT OF A SENSOR ACCORDING TO THE 
INVENTION OPERATING IN THE ISM BAND 

30 

In this exemplary embodiment, the three resonators are 
placed so as to operate at different frequencies, the nominal 
frequencies being 434.26 MHz, 433.83 MHz and 433.28 MHz 
respectively. This choice makes it possible both to be not outside the 
35 ISM band (433.05 MHz to 434.79 MHz) and to make the three 
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frequencies as far apart as possible. The measurement principle is 
based on a measurement of the frequency difference between two 
resonators. The first resonator T, SAW provides a reference frequency. 
The pressure measurement is obtained by subjecting only the 

5 resonator P SAW to a pressure. There are several means of pressurizing 
the resonator. One of the means is to not support the resonator and to 
press on top with the cover. Since the resonators T, SAW and P SAW are 
at the same temperature, the frequency difference obtained for these 
two resonators is only proportional to the applied pressure. The 

10 resonators are produced on a quartz substrate of Y + 34° cut. The 
propagation direction used is the X direction in the case of the 
resonators T, SAW and P SAW . The direction used for the resonator T 2SAW 
is X + 18°. It should be clearly noted that quartz is symmetrical with 
respect to the X axis, which means that the angles p and -p are 

15 equivalent. The resonator T 2SAW could therefore be replaced, without 
any change in properties, with a resonator symmetrical with respect to 
X + 90°, that is to say along the X + 162° axis. This is equivalent to 
providing symmetry with respect to the X axis and then making the 
device rotate through 180°. 

20 All the resonators obey a quadratic frequency-temperature 

dependent law with a second-order coefficient that may be considered 
to be the same. In contrast, the turnover temperature of the 
frequency-temperature curve depends on the angle of propagation. 
This temperature is -25°C in the case of the resonators T, SAW and 

25 P SAW , while it is +25°C in the case of the resonator T 2SAW . The 
frequency difference between the resonators T, SAW and T 2SAW is 
therefore proportional to the temperature, thereby allowing the 
temperature to be measured. 

To eliminate the transverse modes, the transducers are 

30 weighted with a cosine-type weighting factor, that is to say that the 
overlap lengths of the electrodes are made to vary according to an 
arccosine function having a maximum at the center and zeros at the 
ends. This weighting factor allows only the principal mode to be 
coupled. 
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Figures 7 and 8 illustrate two types of arccosine function, a 
symmetrical function and an antisymmetric function respectively, 
which may advantageously be used in a sensor according to the 
invention. 

5 

Choice of the periods of the arrays and transducers 



One way of designing the sensor is described below: 

- For each resonator, an array period is chosen such that the 
10 reflection coefficient of the arrays is centered on the central frequency 

intended for the resonator. 

- For the resonators T, SAW and P SAW , the distances between 
the ends of the electrodes of the arrays and those of the transducers 
are chosen so as to maximize the coupling of the transducer with the 

15 resonant cavity. Typically, the optimum shift of the reflectors with 

respect to the arrays may be equal to 0.45A,. This shift is understood 

as the distance that is added between arrays and transducers. In other 

words, if P a is the period of the array and P t the period in the 

transducer, the distance between the two adjacent electrodes of the 

20 array and of the transducer is: 

P + P 

+ OAS A . 

2 

When the angle of propagation is not zero and therefore, in 
the case of the resonator T 2SAW , the two propagation directions are 
not equivalent and there exists a phase between reflection coefficient 

25 and transduction. This physical effect, often called the NSPUDT 
effect, is due to the anisotropy of the crystals. It is equivalent to 
considering that the center of reflection of a reflective electrode is not 
at the center of the electrode but slightly offset. When the phase of 
the wave reflected off an array is examined, a different value is 

30 obtained depending on whether the transmitted wave is transmitted to 
the left (and therefore reflected to the right) or vice-versa. If this 
effect is not properly compensated for in the design of the resonators, 
it results in the appearance of undesirable parasitic modes. To 
eliminate these modes, the array on the left is offset differently from 
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the array on the right so as to obtain an identical phase on both sides 
between the center of transduction (i.e. the center of the last active 
electrode of the transducer and the center of reflection) which 
depends on which side the array is. This directivity depends strongly 

5 on the cut, on the angle of propagation and above all on the point of 
operation used (metal thickness, degree of metallization). This 
directivity may be measured or calculated using, for example, a 
method of the FEM/BEM [1] type. The reader may advantageously 
refer to the article by P. Ventura et al. t "A new accurate analysis of 

10 periodic IDTs built on unconventional orientation on quartz", 1997, 
IEEE Ultrasonics Symp., pp 139-142. An example of the variation of 
this angle of directivity is given by figure 9 for an angle of cut of 
42.75°, an a/p ratio of 0.75, an h/2p ratio of 1.6% and a period of 
3.756 ^m. 

15 To compensate for this effect, it is necessary to have a 

different distance between arrays and transducer on the right-hand 
side and the left-hand side. This distance is optimized so as to 
eliminate the parasitic modes that would appear if the compensation is 
not correct. When the degrees of metallization are the same on the 

20 arrays and the transducer, it has been found that, to compensate for 
this effect, it is necessary to increase the distance between the 
extreme electrode of one array and that of the facing transducer by 

(m being in degrees) on one side and by reducing this distance 

2 360 

by the same amount on the other side. The shifts between arrays and 
25 transducers are thus equal to 0.45a + — •— - and 0.45a - 



2 360 ' 2 360 

respectively. In these expressions, q> is the directivity in degrees, 
which is defined in the aforementioned reference. This directivity may 
be expressed by the phase of the reflection coefficient on a reflective 
electrode which is (with a phase reference at the center of the 
30 electrode): 

Riett = exp(-2jf) 
FUm = -i r exp(2jf). 
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Resonator T 2 SAW and compensation of the power flow angle 

For the direction X+18°, the power flow direction and the 
wavevector direction differ by an angle of 5.3°. This effect is 

5 compensated for by choosing to produce buses that are not 
perpendicular to the electrodes, in accordance with the invention. The 
angle between buses and electrodes is now 18° + 5.3° = 23.3°. This 
makes it possible to have the boundaries of the transducer along the 
power flow direction, whereas the electrodes are perpendicular to the 

10 wavevector. 
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Number of electrodes of the transducers and aperture 

The number of electrodes of the transducers and their 
aperture are chosen so as to have an impedance close to 50 ohms. 
5 This allows the electromagnetic energy retransmitted by the sensor to 
be maximized. 



Table summarizing the data for the optimized sensor 



Resonator 


Propagation 
direction 


Array 
period 

(um) 


Transducer 
period 

(nm) 


Offset 
(urn) 


Number of 
electrodes 


Aperture 
(|im) 


PsAW 


X 


3.62 


3.60 


3.27 


N r = 270 
N t =136 


350 


Tl,SAW 


X 


3.62 


3.60 


3.28 


N r = 270 
N t =136 


350 


"^2,SAW 


X+18° 


3.69 


3.67 


3.82 
2.85 


N r = 360 
N t =164 


350 
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